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The association of *240Pu and *''Am from the global 
fallout with various soil components was 
investigated in six successive layers of an undisturbed 
grassland soil (Alfisol) from 0 to 30 cm by a sequenbal 
extraction procedure In this way, the fractions 
readily exchangeable, bound to carbonates, bound 
to iron and manganese oxides, bound to organic matter, 
and residual (mineral) were determined The results 
revealed that these radionuclides are in most soil 
layers primarily attached to the soil organic matter (in 
general >57%) but to a considerable extent also 
attached to oxides and minerals As a result, the 
readily exchangeable fraction of these actmides 
30-40 years after their deposition is rather low (for 
Pu, ~ 1 % )  Significant differences between the 
partctioning of Pu and Am are observed for all fracbons, 
even though they are rather small for the bound to 
organic matter fractron [wtth the exception of the 
5-10-cm layer in the Ah horizon, where much more Pu 
(67%) than Am (18%) is associated with organic 
matter] In the fracbon bound to oxides, more Am IS 
found than Pu, in the residual fracbon (minerals) 
of most soil layers, more Pu than Am IS present In 
all soil layers, the readily exchangeable fracbon of 
Am is significantly higher than that of Pu (on average 
by a factor of 7) The results are also discussed 
in relabon to the long-term vertical migrafion rates as 
determined recently for both radionuclibes in the 
same soil and with respect to possible soil reclamafion 
procedures 

Introduction 
Vanous long-bed sotopes of plutomwn P P u ,  330tz%, 

241pU) were deposited on the soil surface wth the global 
fallout of atmosphenc weapons testing 30-40 years ago 
B e ~ a u s e * ~ ~ P u  dsmtegrates to 241Am (half-Iife432Syr). this 
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latter actuude element is also found m our enwonment, 
even though to a much smaller extent. Subsequent to the 
depositlon on the sod surface, these rahonuchdes begm 
to mfiltrate slowly mto the sod, where they can be taken 
up to some extent by plant roots and may eventually arnve 
also 111 the groundwater From the presently observed 
vemcal concentratlon profiles of these elements 111 several 
soh,  however, it must be concluded that a c w d e s  are 
sorbed rather ughtly by vanous sod components (clay 
rmnerals, hydrous omdes, sod orgamc matter) and are thus 
rather unmoblie Because the association of actmdes wth 
the vanous sod components controls thelr avadabhty for 
rmgrauon and plant uptake, several mvestlgauons on thLS 
subject, even though m a d y  for Pu, emst (1 -18) It seems, 
however, that a detaded study on the sunultaneous as- 
sociaaon of Pu and Am from the global fallout wth sod 
components 111 successive layers of a sod is not a d a b l e  
On the other hand, such an mvestigation would not have 
been possible much earher because these rabonuchdes 
were present then only III the surface layer of  the sod 

Information on the frachonatlon of a contarmnant m 
the sod, 1 e ,  on its paruuomg among the vanous sohd 
fractlons of the sod as well as on the easdy awlable or 
ready exchangeable frachon can be obtamed by sequenual 
elution procedures A recently rather frequently apphed 
method for h s  purpose is the procedure descnbed by 
Tessier et al (19) With th~s method, it is possible to 
detemune the fracuons ready  exchangeable, bound to 
carbonates, bound to lron and manganese oxldes, bound 
to orgmc matter, and residual W e  the Tessier procedure 
has been frequently apphed toptudy the fracaonauon of 
stable heavy metals m the sod, it was obvlously not yet 
apphed to study m an analogous way the fracuonation of 
fallout Pu and Am 

The purpose of the present mvesugauon was therefore 
to detemune smultaneously the above fracuons by the 
Tessier procedure for fallout U9+240P~ and 241Am in an 
undsturbed grassland sod Ths sod was selected because 
we recently also deterrmned at the same site the long-term 
rmgrauon rates of fallout Pu and A m  (20) In th~s way, it 
was possible to eXarmne also to whch extent these 
expenments are useful for the mterpretanon of the observed 
mgratlon rates of Pu and Am m a gven sod layer 

Because the physicochemcal properues of an unb- 
tubed sod vary wth depth, the associatlon of these - 
elements wth sod components was deterrmned rn the SIX 

sod layers 0-2,2-5,5-10,10-15,15-20, and 20-30 cm 
Below thu depth, the amount of fallout Pu andAm was too 
small to be extractable Due to the very low acbnty 
concentraaons of fallout 239+240Pu and especially of z41Am 
rn the sod, samples of 500 g from each layer had to be taken 
for the extractions 

All fracaons obtamed by usmg selemve reagents =-to 
some extent only operauonally defined, and the cone- 
spondmg results o b w e d  cannot necessanly be used also 
for a quanhtanve mterpretauon Theywrll peld, however, 
averyvaluable lnformaaonLftheyareusedas mthepresent 
case to detect only relative Merences UI the assouanon 
of two (or more) elements m the same sod layer 
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TABLE 1 
Pmprrbes of Grassland Soil (Slightly Wet Alfis01)~ 

honzon 
k 

depth 0-2 
pH (CSCIz) 4 6 f 0 1 5  
day (%I 42 f 2 
6llt (%I 40 f 2 
sand (%) 1 8 f 2  
tots1 N (%I 059.01 
organic matter (%) 1 2 4 f l O  

Mgz+ (mmol kg-l)b 2 5 f  1 
CEC (mmol kg-9 113 f 6 

Exchangeable 

Cas (mmol kg-Vb 4 8 1 2  

'The enon giwn are o errors 

2-5 
4 3 f 0 1 5  

30 1 2 
54 k 2 
1 6 f 2  
043f01 
7 4 1 1 0  

46 1 2 
1 5 i  1 
78 f 4 

5-10 
4 4 1 0 1 5  

30 f 2 
55 f 2 
1 5 f 2  
0 3 1 f O l  
5 5 h 1 0  

46 * 2 
15& 1 
7 5 * 4  

AI 

10-20 

30 * 2 
55 * 2 
1 5 f 2  

4 3 * 0 1 5  

0 1 9 f O 1  
3 O k l O  

40 f 2 
13A 1 
71 i 4 

~ 

81 
20-40 

31 * 2  
5 5 f 2  
1 4 i 2  

4 2 A 0 1 5  

0 1 3 ~ 0 1  
2 4 i 1 0  

34 f 2 
15k 1 
66 rt 3 

Eqerimoat Stetion 
Site. The samphg locauon 1s situated about 40 km 
northwest of Mmch, 545 m above sea level Because there 
are no nuclear mstallauons w h  100 km, the sod can be 
expected to con- a m d e s  deposited only by the 
worldwde Mout of above-ground weapons tesung The 
mean annual preupitauon is 800 mm, the mean annual 
temperature 7 3 "C AU samphg locauons were selected 
on a flat area to exclude precipitatlon runoff The vegetauon 
IS permanent grassland, undsturbed by agricultural allage 
processes for at least 40 yr 

Soil. In the German sod dasslfcauon system, the sod 
IS classified as Parabraunerde, shghtly pseudovergleyt In 
the U S system, thls corresponds to a shghtly wet Alfisol, 
(AqualfJ AIfisols are charactenzed by an Illuvial honzon 
(BJ m ~ c h  shcate clays have accumulated In the topsod, 
where the ra&onuchdes mvestqated are presently l o h d ,  
the followmg honzons (German system) were observed 111 

the profile A+, (0-10 cm, orgmc layer, mtermedately 
decomposed, abundant roots), Al (10-20 cm, yellowsh- 
brown to yellow, abundant roots), B, (20-40 cm, grayxh- 
brown, few roots) Several phvsicochemcal properues of 
these sod honzons are gwen m Table 1 The followmg 
methods were used to obtam these values parucle slze, 
s i m g  and sedmentauon, total N, Kjeldahl method, 
orgmc matter, oxldauon of the orgmc matter by potas- 
sium &chromate m sullunc acid, Ca2' and Mg2+, by 
exchange versus N h ,  CEC, by exchange versus 1 M NhCl  
at pH 7 

Sampling and Sample Preparation. All sod samples 
were taken m June 1990 wth a frame (50 x 50 cm) at five 
plots of the grassland w h  an area of about 5 x 5 m The 
Ah honzon was subdmded m layers of 0-2,245, and 5-10 
cm, the AI honzon was subdmded m the layers 10-15 and 
15-20 cm From the B, honzon, the layer 20-30 cm was 
sampled 

Before the sequenual eluuon of the actmdes, the w- 
dned sod from each layerwas sieved to 2 mm for the removal 
of stones and roots (ca 10% m the 0-2-cm layer, <3% m 
the deeper layers) and mlxed Subsequently, to obtam a 
representauve sample of each layer, the correspondmg 
layers from each of the five plots were rmxed carefully 

Sequential Extraction of Pu and Am The sequentlal 
emacuon of these rahonuchdes from the sod samples uas 
performed accordmg to Tessier (19) A 500-g sample of 
sod from each sod laver was used for that purpose To 
fachtate agtatauon of the aqueous suspensions, the exuac- 
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uons were always performed m batches usmg 100 g of sod 
each For the subsequent d e t e m a u o n  of 239t240Pu and 
241Am, the resulmg five extracts were combmed Because 
the pH of the sod mvesugated was rather low (see Table 11, 
carbonates were not present 111 any sod layer For tlus 
reason, the fractlon bound to carbonates was not isolated 

(1) Readily Exchangeable Ions A 100-g of sample of sod 
was extracted wth 1 L of NI-bOAc, (1 MI at room 
temperature for 1 h wMe stunng from above Subse- 
quently, the suspension was first passed through a paper 
filter (Schleicher & Schuell, 589 Black, coarse grade) and 
finally through a membrane filter (0 45 pm) The sod was 
then nnsed wth ca 500 mL of disulled water After 
filtrauon, tlus nnse water was added to the above soluuon 
phase for analysis 

(11) Bound to Iron and Manganese Oxides The residue 
from above was extracted wth 1 L of 0 04 M "?OH HCI 
m 25% (VIVI aceuc acid at 85-95 "C for 6 h wth occasional 
agtauon The subsequent separatlon of the hqwd phase 
and nnslng of the sod were performed as above 

f i z z )  Bound to Organic Matter The residue from above 
was resuspended 111 water, surred, and heated to 80 "C 
Then H202 (30%), adjusted to pH 2 wth HN03, was added 
very slowly In total, about 750 mL of H202/100 g of sod 
was added in 6 h After coohng, 250 mL of 3 2 M N W c  
m20k (vlv) HN03was added, and the samples were agitated 
for 30 m 

flu) Resldual The residual sohd contams mamlvpnmaq 
and secondary mmerals, whch mght hold the radionu- 
&des extremely ughtly The above residual was therefore 
treated wth 1 L of HN03 (1 1) and stlrred for 6 h at 80 "C 
As shown by Veselsh (21), Pu and Am from the global 
fallout are 111 this way completely hberated from the sod 

Determinauon of  Pu and A m  uq-240Pu and 241Am were 
d e t e m e d  m the extracts by a-spectrometry subsequent 
to a rahochemical separatlon and punficatlon Because 
of the considerable amounts of natural mterfenng a-emt- 
ters (such as Th) extracted from the large sod samples, rather 
extensive punficauon steps are necessarv 

Pretreatment of the Extracts The chemical composiuon 
of the above four extracts (I-iv) is qute dlfferent Because, 
however, the procedure used for the separation of Pu and 
Am requires that these elements are present m "03 I1 + 
l), the extracts were treated before analysis as follows 

Frucfzons I and t i  After addition of the yeld tracers 
242Pu and i41Am, the solution was stirred, and its volume 
was reduced to 20-30 mL by gentle heating whde slowly 



A 

. 
a d h g  HzOz (30470, total amount of H202 used c a  100 mL) 
After coohg, 50 mL of "03 (concentrated) was added, 
the beaker was covered by a watch glass, and the soluaon 
was heated gently unul no further fumes were vlsible 
Fmally, the mmwe was evaporated to dryness at low heat 
and taken up m 200 mL of "03 (1 1) 

Fracnon iii After addmon of the veld tracers (see 
fracaon i), excess H202 was removed by reducmgthevolume 
to about 300 mL at low heat The volume was then made 
up to 15 L by disulled water, and the hydroxldes were 
precipitated by the addmon of KOH. After filtraaon, the 
residue was &solved m "03 (concentrated) and brought 
to a volume of 400 mL by the addmon of mmc acid to such 
an extent that the final concentraaon of HN03 was 1 1 (as 
checked by aaaaon) 

Fracnon zv After addmon of the veld tracers (see 
fracaon 11, the volume was first reduced by heamg to 400 
mL Subsequently, it was made up to 800 mL by the addtaon 
of mtnc acid to such an extent that the final concentranon 
of HNG was 1 1 (as checked by utraaon) The compara- 
avely large final volume was necessary to mmmze the 
formaaon of precipitates m the extract 

Separunon ofPu For the radochermcal separation and 
punficaaon of Pu and Am, we employed commercially 
adab le ,  hghly spec& extractants supported on an mert 
substrate A very efficient separaaon and punficaaon of 
Pu m enwonmental samples, usmg TEVAOSpec, was 
descnbed by us recently (22) For sob, the first step of ths 
procedure consists of treaung the sample wth b o h g  rumc 
acid (1 11, followed by extramng Pu wth mdodecylamme 
(TU) Because the onpal  extracts (I-iv) were for that 
purpose converted to HNO3 (1 1) SOlUtIOnS (see above), Pu 
can be extracted Immedately by usmg TLA. The subse- 
quent steps for punficaaon of thu Pu fracaon and the 
electrodeposiuon on stamless steel b k s  are descnbed 111 
detad III ref 22 

Sepuranon ofAm The above aqueous phase of the TLA 
extracaon was not &carded because it contams Am To 
pun@ A m  subsequentiy, the followmg procedure also usmg 
hghly spec& extractants supported on an men substrate 
was developed The aqueous phase of the TIA exttachon 
was evaporated to dryness, and the residue was h o l v e d  
m 50 mL "03 (4 MI wMe heatmg If, after addmon of 
80 mL of dlsded water the soluaon was not clear, it was 
filtered through a membrane filter (1 2pm), and the residue 
was &solved agam wth  "03 W e  stunng, the pH of 
the solution was adjusted to pH 9 wth a 25% ammoma 
soluuon. Am was extracted wth freshly prepared Tn-n- 
octylphosphme oxlde VOPO, prepared by dissolvmg 3 9 g 
of TOP0 m 50 mL of cyclohexane and washing it m a 
separatang funnel first wth 50 mL of HU (8 5 MI, then wnh 

MI1 After extracmg Am wth  TOW for 5-10 nun, the 
aqueous phase was bearded, and the orgamc phase was 
washed three times each wth  30 mL of "03 (0 1 MI 
wthout shalung For the reextracuon of A m  from the 
oqpmc phase, 50 mL of HU(8 5 M) was used This aqueous 
reapact was shaken for 3 nun wth 100 mL of dbopropyl 
ether, and the aqueous phase was collected m an evapo- 
mtmg dsh  After addmg 1 mL of NaHSO, (0 1 M), the 
mluaon was evaporated to dryness The dry residue was 
dwntegrated wth "03 (concentrated) and H202 (30961, 
dusohed m ca 40 mL of "03 (2 MI, and 20 mg of La + 
0 5 g of nitrate were added. After m a g  up the soluaon 
to 100 mL wth dmlled water, the hydromdes wem 

50 mL Of HNOj (6 MI, and finally wth 50 mL Of "03 (0 1 

precipitated wth  NI-L,OH, separated by filtrauon, and 
dissolved m HN03 (2 M) Subsequently, the volume was 
adjusted to 20 f 1 mL, and the HNO3 concentration was 
adjusted to 2 M The soluuon was then fed at a flow rate 
of I 1 mL m-l to a column contamng 0 7 g of TRUOSpec 
(EIChroM Indusmes, Inc , Danen, IL, partlcle sue, 50-100 
pm, dimensions of the column, 18 cm long, m e r  dameter, 
3 76 m, bed volume, 2 mL) In ths way, Am and La remam 
on the column Other elements were removed by washmg 
the column wth  20 mL of "03 (2 MI at the same flow 
rate A m  and La were then smpped wth  20 mL of "03 

(0 05 M) at a rate of 1 0  5 mL mm-l, ref 23) The eluted 
soluuon was made up to 40 mL wth dstdled water, and 
Am was coprecipitated wth lanthanum hydroxlde by addmg 
1 mLof NhOH wMe snmng for 15 mm and gentle heaMg 
The precipitate was filtered and dissolved overmght m 10 
mL of NI+,SCN (2 MI-HCOOH (0 1 MI whde s m g  For 
the subsequent separauon of Am from La, the soluaonwas 
fed to a column c o n t w g  TEVAOSpec (pamcle me,  80- 
160 pm, column dunensions as above, also from EIChroM 
Indusmes, Inc ) at a rate of 5 1 mL nun-l The column was 
then washed at the same rate wth  15 mL of NH4SCN (0 1 
M) + HCOOH (0 1 A4J The eluate (contamng La) was 
discarded Am was finally smpped wth 25 mL of HCI (0 25 
M) at a rate of d 0 5 mL nun-', ref 24) The eluted soluaon 
was collected m quartz crucibles, and traces of orgmc 
matenal were destroyed wth "03, HC1o4, and K N 0 3  After 
fuming wth  H2S04, Am was deposited on a stamless steel 
disk at pH 2 m ammomum sulfate soluuon 

a-Spectrometry a-Spectrometry of the Am and Pu 
isotopes was performed using a 300 mm2 shcon surface 
bamer detector (a efficiency 10-20%) The resolutlon was 
40-50 keV fwhm at 4-6 MeV The background counts 
were 551 10 000 mm The detecaon h u t  for &us countmg 
m e  was about 0 1 mBq of u9+240Pu and 241Am 

Estimation of Errors and Quality Control The errors 
(coefficients of vanaaon) of the analyucal deterrmnaaons 
were generally less than 10% Quahty control over the 
accuracy of the data was assured by analyzmg standard 
reference samples for ug+240h and 241Am For 241Am, we 
used the Freshwater lake sedunent, NBS Standard Reference 
Matenal 4354 C e d e d  d u e  for 241Am, 1 1 Bq kg-l, 95% 
tolerance level, f 30% Found (mean of four rephcate deter- 
m a u o n s )  1 13 f 0 22 Bq kg-I (2 u SD) In the case of 
239+240P~, Sod-6 from the Internauonal Atormc Energy 
Commission, Vienna, Austna, was used C e d e d  value 
1 04 (0 96-1 11) Bq kg-1 Found (mean of four rephcates) 
0 97 f 0 05 Bq kg-I 

Results and Discussion 
Total Activity Concentrations of us+zroPu and 
The total acavmes of u 9 + 2 4 0 ~  and z41Am observed m each 
sod layer are gven m Table 2 They can be obtamed either 
by summanon of all  the amounts extracted sequenaally or, 
more duectly, after extracmg these radonuchdes com- 
pletelywth HN03 (1 + 1) m one step accordmg to VeseUry 
(21) from ahquots of the correspondmg sod samples 
Because the latter values are more accurate, they are p e n  
m Table 2 for the total amvlaes W i h  expenmental enor, 
they agreed wth  the correspondmg ones obtamed from 
the sum of the four extracted fracaons The data show that 
the hghest acavlty concentraaons for both u9+24Vu and 
z41Am on a "Bq/kg" bass are presently found m the 2-5- 
cm layer; sllghtly less was observable m the 5-10-cm layer 
On a "Bq m-2 cm-I th.ickness" base, the maXllllum 
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~- 
TABLE 2 
Total Activity Concentrations of zn+zuPu rad z 4 1 ~  
L Various h n  of Gnsslmd Soir 

0-2 330*35 2 2 * 0 2  100f20 0 6 6 f 0 1  
2-5 386-+32 3 3 f 0 3  130f25 l l f O 2  
5-90 340f27  3 6 f 0 3  110k14 l 2 f O l  

10-15 160f15  2 0 f 0 2  5 7 f 9  O72fO1 
15-20 76*10 O96fOl 2 0 f 4  0 2 5 f O 0 6  
20-30 38*4  0 5 3 & 0 1  1 2 f 3  O16fO05 

'The anors given are 20 errors 

- 
10 I 1 

01 

B 100 

I lo 

1 1  

0 1  
Darl)a* BoimEo- ~ ( o a g n m w  Mul 

FIGURE 1 Percentages of global fallout * q u  (A) and %III (6) 
found in the six layers of the grassland toil for the tnctlont readily 
exchangeable, bound to inn and mnganese oxldes, bound to organic 
mrUer, m d  residual Becows tkc roil did not contain any 
carbonates, this fnctlon was not extracted 

concentrations for both acmdes are KI the 5-10-cm layer 
The total amounts deposited were (summation over all 
layers) for u9*240Pu 55 f 6 Bq m-2 and for 241Am 18 f 2 Bq 
m-Z These values agree well wth other observauons m 
Germmy (25-27) 

Assodation of Pu and Am with Soil Components. The 
fracuons of 239-240Pu and 241Am found 111 the four extracts 
of the SIX sod layers are each shown 111 Figure 1 They are 
even m percent wth respect to the total amount of each 
radlonuchde in the corresponhg soil layer If one 
compares first the results obtamed for ugT240Pu and zrlAm 
for the fracuon readdy exchangeable ions, it is obwous that 
these values for each sod layer are considerably hgher for 
24iAm (1 5-1-5961 than for (0 5-1%) It can also 
be seen that the values for this fractlon &bit a murunurn 
for both radionuchdes 111 the 5-10-cm layer, i e , m the 
lower half of the Ah honzon Ths mght explam why the 
observed total amwq concenuatlons of these rachonuchdes 
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are sull relatlvelv hgh m h s  laver (see Table 2) On thelr 
passage through the sod, both acmdes  are obviously 
relatlvely rmmobde m thls layer and are thus accumulated 
there to some extent 

If one eXarmnes the bound to a d e s  fractlon, it becomes 
apparent that a substantial fractlon of these radionuchdes 
1s attached to it. 3 5 2 4 %  of 2 3 9 - 2 4 0 ~  and 12-6446 of 
241Am Am thus seems to e d b i t  a somewhat hgher 
tendency for the oxldes than Pu 

The sod component to h c h  the largest amounts of 
these actmdes are attached is the sod orgamc matter 
framon Here one finds, dependmg on the sod layer, 39- 
67% of 239+240Pu and 18-74% of 241Am The Uerences 
between 23g+240Pu and 241Am are however rather small for 
most sod layers Onlv m the 5-10-cm layer is Pu sign1.6- 
cantly hgher ennched (67%) than Am (18%) The reason 
why- m h s  layer 1s nevertheless hardly avadable for ion 
exchange (see ready exchangeable fracuon) can be seen 
from the residual fractlon Here, we observe that thls 
ralonuchde IS rn the 5-10-cm layer to a comparatlvely 
large extent (68%) attached to the residuals, I e , the sod 
rmnerals In the case of u9A240Pu, the fractlon bound to 
residuals is much smaller for the 5-10-cm layer (only 17%) 
For h s  a c m d e ,  however, the fractlon bound to orgaruc 
matter is comparatlvely hgh m thls laver Ths explams 
why the correspondmg ready exchangeable fractlon is 
agam small 

In contrast to the 5-10-cm laver, one observes m the 
first layer (0-2 cm) and 111 the deeper sod layers (15-20 
and 20-30 cm) very small values for the residual fraction 
ofAm (50 5%) as compared to Pu (17-39%) Ths maybe 
understood by considenng that the types of the sod m e r a l s  
to whch the rahonuchdes are attached are probably qute 
Merent m the vanous sod layers The large Merences of 
the residual fractlon between Am and Pu thus demonstrate 
that some of these rmnerals obvtously e h b i t  qute Merent 
sorptlon properties for A m  and Pu 

The rather low values observed for the readdy exchange- 
able fractlon of Pu in contarmnated sods are m agreement 
wth earher observatlons, where by usmgvanous extractants 
values of 53% were found for most sods (5) The fact that 
rather sdarvalues  were found m the present lnvestlgatlon 
show that after a penod of 30-40 yr Pu is attached tlghtly 
to the vanous sod constituents Vanous earher expenments 
also mhcated that Pu is sorbed most extensively by the 
morgam rmneral phase of the sod (5) and to a much lesser 
extent by sod orgaruc matter More recently, hvens et al 
(28) observed that about 60% o f h  1s held by orgamc matter 
In the present mvesngatlon, the fractlon to whch most Pu 
was attached for most sod layers was also the sod orgaruc 
matter fracaon (>57%, wth exceptlon of the two layers 
below 15 cm) Because however no earher comparable 
expenments on thls sod emst, it cannot be decided whether 
t h ~ s  was alreadythe case m earher years or whether it is due 
to a long-term redmnbuuon of  Pu m the sod 

Analogous expenments for fallout 241Am mthe sod seem 
not to be avdable Detemnauon of bindmg constants of 
Am to hurmc acids inhcate that this acumde is also bound 
strongly to sod organic matter (28-31) It was suggested, 
however, that Am should be more mobde than Pu since 
hydrolysis of Am(II1) occurs more readdy than hydrolvsis 
of P U N ,  see refs 28 and 29 Ths might be the reason for 
the signficantlyhgher values observed in the present case 
for the readdy exchangeable fractlon of Am as compared 
to those of Pu 



4 detaded knowledge of the associauon of Pu and Am 
wth vanous sod components is reqwed (1) for modebng 
the long-term behamor of these elements 111 the sod wth 
respect to transport processes and plant uptake and (u) for 
developing effecuve remedauon procedures for contarm- 
nated sods The present results show that even though Pu 
and A m  e h b i t  a s d a r  general pattern for the associauon 
wth the most unportant sod components, significant 
Merences emst nonetheless (see above) and should be 
considered m reahsuc models Especially m the case of 
Am, large Merences are observable for different sod layers, 
notably for the readdy exchangeable and the residual 
fracuon (see Figure 1) Ths suggests that the assomaon 
of Am wth the vanous sod components responds more 
sensiuvely to dfferences m its physicochermcal enwon- 
ment than Pu As a result, modehg the behawor of Am 
111 the sod wdl probably be more comphcated than that of 
Pu 

From the results obtamed for the readdy exchangeable 
fracuon, one mght expect that- should be more mobde 
than Pu For the present sod, h s  is not observed By 
evaluaang for the same sod the observed depth profiles of 
these radionuchdes wth a compartment model that also 
takes mto account the known deposiuon hlstory of these 
ralonuchdes and the mgrowth of 2 4 * A m  from 24iPu, almost 
idenucal rmgrauon rates were found for both acarudes, 
even though they were Merent 111 the vanous sod layers 
(20) Ths suggests that possibly the readdy exchangeable 
fracuon as d e t e m e d  wth the procedure descnbed 
(eluuon wth 1 M N&OAc at pH 8 2) 1s not qute adequate 
to charactenze the relauve mobhues of these elements 111 
the sod This would not be too surpnsmg because (1) the 
chermcal composiuon of an m-situ sod soluuon 1s quite 
Merent wth respect to the concentranon and nature of 
the compeang ions, (u) Merences 111 the luneacs of the 
sorpuonldesorpuon processes of Merent elements are not 
&closed by sequenual extracaon procedures, even though 
they mght be of great unportance for the dynarmcs of the 
transport process m the sod (32-341, and (111) the mobhty 
of Pu rmght be lnnuenced also by rmcrobially catalyzed 
reducuon processes (35) Altemaavely, it 1s also conceivable 
that in the present sod Pu and Am are associated so aghtly 
wth the sod consutuents that the vemcal transport of these 
acmdes occurs to a considerable extent in the form of 
colloids or very small sod pamcles or by bioturbatlon (37) 
In h s  case, the rmgraaon of these elements would only be 
to a small extent the result of nuclide-specfic leadung 
processes (chromatographc transport) In any case, care 
has to be taken when dravvlng conclusions on the aMllablllty 
of acmdes for mgrauon processes from measyments 
of only the readdy exchangeable fracaon Future inves- 
ugauons on other sods should help to better understand 
these processes 

Vanous engmeenng approaches m t  for the reclamation 
of chemically degraded land For metals, the most un- 
portant methods conceivable are in situ m o b h a o n ,  
m SIN m o b h a o n  wth controlled dramage, or sodwashing 
wth water and morgamc or orgmc solvents to remove 
part of the pollutants III the excavated sod (38) The present 
results suggest that lmmobllrzauon orwashmg the sod with 
water will hardly be very effecuve for Pu- and Am- 
contarnmated sods because these elements (espedallyPu1 
are already largely unmobhzed Leachmg processes to 
mobllrze and remove these acarudes from the sod vvlll be 
most effecuve for Pu If the agent dssolves soil organtc 

matter Ths  vvlll be, however, not qlute as effecuve for 
Am-contammated sods because m tlus case a substanual 
fractlon of Am wdl r e m a  on the sesqluoxldes of the sod 
The residual fracuon cannot be elmmated by a realism 
sod remediauon procedure because it would mvolve an 
almost complete destrucuon of the sod For the present 
sod, our results then suggest that at least 10-30% of Pu and 
0 5-6076 of A m  (depending on the sod layer) wdl s a  be 
present after a leachmg process However, it can be 
expected that this fracuon wdl be essenually unavadable 
for plant uptake for a long tune 
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